system by selecting and screening single-cell clones derived from the L-WRN parent line to identify lines that produced the highest functional titers of conditioned medium 3 .
By using 50% conditioned medium (1:1 dilution with fresh crypt culture medium) and basement membrane matrix (Matrigel), we successfully maintained colonic epithelial spheroids for >50 passages for >150 d. In 50% conditioned medium, most of the cells were proliferative and spheroids maintained high levels of expression of a stem cell marker, Lgr5 (refs. 3,8) . We then applied the same methodology to isolate epithelial units and grow epithelial spheroids from the mouse stomach, small intestine and cecum ( Figs. 1 and 2) . To maximize early growth of developing primary spheroids from small intestinal and cecal crypts, the tissue medium was supplemented with Y27632 (refs. 1, 9) , an inhibitor for Rho-associated protein kinase (ROCK), and SB431542, an inhibitor for the transforming growth factor (TGF)-β type I receptor, for 2-3 d (Fig. 1) . After this initial treatment, these inhibitors were no longer required for subsequent culture (Fig. 2) . Thus, an advantage of this approach is that spheroids can be propagated from different sites by using the same medium.
For passage, spheroids were dissociated by incubation in 0.25% (wt/vol) trypsin. The trypsinization process disrupted the spheroids into cell aggregates that were then embedded in fresh Matrigel (Fig. 3) . These aggregates developed into new spheroids (Fig. 2) . Depending on cell density, gastrointestinal spheroids should be passaged every 3 d by using 1:4 to 1:8 dilutions. Spheroids can be frozen in a standard cell freezing medium containing 10% (vol/vol) DMSO. For use in functional assays, spheroids were trypsinized with vigorous pipetting, which dissociated the cells into homogeneous small aggregates. This method evenly distributes cells in the wells of 96-well plates for functional assays (Fig. 3) .
We also established a new cell line (L-WR) that expresses Wnt3a and R-spondin 3 ( Supplementary Fig. 1b) as a substitute for L-WRN cells. We found that in this system, noggin was not essential for maintaining spheroids from the mouse stomach, small intestine, cecum and colon for over 3 months (>30 passages). One possible explanation for the fact that noggin is dispensable is that equivalent BMP inhibitors are present in the FBS or were secreted from the modified L cells.
The advantage of using conditioned medium is that it provides relatively intact and high-titer proteins compared with reconstituted medium with purified proteins. Potential disadvantages include exhaustion of basal medium and secretion of undesired factors from host cells. Therefore, we optimized the timing of harvest and dilution rate with fresh medium. To determine the most efficient timing for harvest, we recovered conditioned medium at different time points (1-3 d) and found that the activity of conditioned medium did not change depending on the incubation time ( Supplementary Fig. 2 ). Thus, in this protocol, conditioned medium is recovered every 24 h, and four serial collections are combined into one batch to homogenize the activity. We found that medium could be serially collected for at least 12 d (3 batches) without a decrease in activity. If larger volumes of conditioned medium are needed, one can adopt this protocol for large-scale preparation by using the Cell Factory system (Thermo Scientific). To evaluate the activity of each lot, we check the viability and growth of spheroids for several passages. Lgr5 expression level in spheroids is a quantitative indicator of medium activity for maintaining stem cells (Supplementary Methods and Supplementary Fig. 2) .
Although permanent gene transduction of small intestinal organoids with lentiviral infection has been reported 10 , the process can be simplified and enhanced to achieve similar efficiency to that observed when modifiying immortalized and cancer cell lines. To demonstrate the feasibility of genetic modification of colonic stem cells, we generated recombinant lentiviral particles expressing GFP and shRNA 3 . Because lentivirus particles cannot penetrate the Matrigel layer, we incubated trypsinized spheroids with viral particles in liquid medium for 6 h. Y27632 (refs. 1,9) improved the survival of dissociated epithelial cells during the infection step. After infection, cells were embedded in Matrigel and grown into spheroids. Supplementation with Y27632 and SB431542 supported the formation of spheroids that formed from infected small cell aggregates. Primary spheroids (small intestinal and colonic) after infection show a high level of GFP signal (typically >50% of cells) (Fig. 4a,b) . To generate spheres that were 100% GFP-positive, we trypsinized spheroids and generated small cell aggregates, some of which consisted of only GFP-positive cells. We then picked 100% GFP-positive spheres by using an epifluorescence microscope to guide selection (Fig. 4c) . We confirmed significant GFP expression under the phosphoglycerate kinase (hPGK) promoter in gastric, small intestinal, cecal and colonic spheroids. We anticipate that this method will allow for loss-and gain-offunction experiments for specific genes when genetically modified mice are not available. The RNAi Consortium shRNA Library is a great source of shRNA-expressing lentiviral plasmids (available from Sigma-Aldrich or Thermo Scientific). We adapted these plasmids to our system by replacing a puromycin-resistant gene in the pLKO.1 backbone plasmid with GFP as described 3 .
Taken together, this protocol greatly facilitates the study of emerging tissue-specific stem cell populations in the gastrointestinal tract and facilitates the use of these cells to tackle a variety of problems including transplantation. Any individuals who have experience in cell culture study can easily access this system without any complicated devices or techniques.
Experimental design
Basal medium for the conditioned medium. In this protocol, we use Advanced DMEM/F12 as basal medium according to a previous report 1 . We add 20% (vol/vol) FBS in the medium to support the secretion of recombinant factors from L cells and growth of epithelial spheroids. We use this basal medium to isolate and expand intestinal epithelial stem cells. For some downstream functional studies, it is possible to perform experiments in reduced levels of serum. Serum-free medium did not affect the viability of L-WRN and L-WR cells. However, the activity of serum-free conditioned medium will be lower than that of serumcontaining medium because serum is required for the secretion of Wnt ligands 7 .
Applicability of the protocol to non-gastrointestinal tissues and tumors. Although this method was developed to culture gastrointestinal stem cells, it also allows for the growth of other endodermderived stem cells. Thus far, we have established epithelial spheroids from pancreas, trachea, lung and thymus by using 50% L-WRN conditioned medium containing 10 µM Y27632 and 10 µM SB431542 (Supplementary Fig. 3a) . We have also cultured tumor cells from intestinal polyps developed in Apc Min (C57BL/6J-Apc Min /J strain) and azoxymethane/dextran sodium sulfate-treated wild-type mice using basal medium (0% conditioned medium) containing 10 µM Y27632 and 10 µM SB431542 (Supplementary Fig. 3b,c) . Some tumors and non-gastrointestinal tissues contain larger amounts of mesenchymal cells, which are Comparison with other methods. Most of the recent studies using gastrointestinal organoids use the method developed by Sato et al. 1 . They reconstitute the essential conditions for longterm maintenance of gastrointestinal organoids by using defined chemicals and proteins. In developing our protocol, we followed the fundamental principle of Sato et al. 1 that maintenance of normal gastrointestinal stem cells needs canonical Wnt agonists and extracellular matrix (e.g., Matrigel) in addition to the basic requirements for cell culture. A major advantage of our protocol is that the conditioned medium contains nonpurified Wnt3a and R-spondin 3, which may provide higher levels of canonical Wnt activity, leading to enhanced stem cell propagation. We reported that 50% L-WRN conditioned medium stimulates robust Lgr5 expression compared with reasonable concentrations of purified Wnt3a (100 ng ml −1 ) and R-spondin 1 (500 ng ml −1 ), indicating that commercial sources cannot maximize canonical Wnt activity in spheroids 3 . Another difference is that our protocol uses serumcontaining medium. Generally, nonserum (or serum-reduced) medium is preferred for stem cell culture because animal serum contains undefined differentiation factors. However, nonserum medium requires additional supplementary factors including recombinant growth factors (e.g., epidermal growth factor (EGF), fibroblast growth factor (FGF) and insulin), minerals and vitamins. For example, the colonic organoid culture medium developed by Sato et al. 12 contains R-spondin 1, Wnt3a, noggin, EGF, N-2 supplement and B-27 supplement in addition to basal medium. The complexity and availability of specialized medium is a substantial hurdle to starting stem cell culture, even for researchers who have experience in cell biology. Meanwhile, any laboratory that uses basic cell culture systems can easily produce conditioned medium themselves in liter quantities at a reasonable cost. However, there are limitations to using conditioned medium that must be borne in mind. Optimal culture medium for each specific assay should be determined individually. Undefined factors derived from host cells and serum could affect some signaling pathways. If assays that require stringent conditions need to be performed, the reconstituted medium should be used according to previous reports 1, 2, 12 . It is also noted that spheroids in 50% conditioned medium contain only a small number of fully differentiated cells. The conditions for inducing differentiation may differ for individual lineages. Nevertheless, this protocol provides a simple and accessible method to obtain a sufficient number of stem cells for experiments such as highthroughput screening and transplantation 13 .
Generally, puromycin selection or cell sorting is used for enrichment of the stably transduced population after lentiviral infection. With the puromycin selection method, it is difficult to determine the best concentration of puromycin that will achieve the level of shRNA expression required for efficient gene silencing. Cell sorting is a more reliable method to enrich the highly expressing population of transduced cells, but spheroids need to be dissociated into single cells. This process markedly decreases the viability of stem cells and efficiency of spheroid formation and growth. Therefore, we adopted a method in which we handpick 10-20 transduced spheroids under visible GFP fluorescence. After infection, a transduced cell expands as a cluster within a spheroid. After trypsinization, clonal cell aggregates are generated that develop into clonal spheroids. These independent spheroids are easily picked up with a pipette tip (Fig. 4c) .
In conclusion, our protocol is specialized for the establishment, expansion and genetic modification of normal tissue stem cells. Our aim is to provide the basic tools for further analyses of normal tissue stem cells.
Controls.
It must be noted that the diversity of a stem cell population decreases during long-term culture, although there is no sign of transformation. Clonal lineages with higher proliferation rates dominate spheroids by neutral competition 14 . When spheroids are established from genetically modified mice, spheroids from littermate wild-type mice must be cultured in parallel and analyzed as a control.
Box 1 | Purifying spheroids from stromal cell contamination
• tIMInG 40-60 min 1 . Scratch and suspend Matrigel in culture medium (with a 1,000-µl pipette). Transfer the spheroid mixture to a 60-mm cell culture dish with 5 ml of washing medium. 2. Pick up epithelial spheroids under an inverted-phase microscope or a dissection microscope using forged glass capillaries connected to a mouth pipette or by using a 20-µl pipette.
3. Collect the spheroids in a 1.5-ml test tube with ~100 µl of washing medium. 
3|
Transfer the cell solution to prewarmed medium immediately after the ice disappears.  crItIcal step Because the cells are very fragile after thawing, centrifugation and excess pipetting must be avoided.
4|
Transfer the medium into a 150-cm 2 cell culture flask.
5|
Incubate the flask in the cell culture incubator for 1 d.
6|
Change the medium and add G418 (500 µg ml −1 ) and hygromycin (500 µg ml −1 ).
7| Grow the cells until they become confluent (2 or 3 d).
8| Wash the cells with 20 ml of PBS-EDTA and aspirate.
9| Add 1 ml of trypsin-EDTA. Tap the flask several times to coat the plate surface with the trypsin-containing solution.
10| Incubate the flask for 3-5 min at 37 °C.
11| Suspend the cells in 12 ml of L-cell medium.
12|
Choose the option below depending on the scale of conditioned medium production. 1-3 liters and 8-24 liters of 50% conditioned medium can be produced by using options A and B, respectively. (ix) After the fourth collection, add an equal volume (~500 ml) of primary culture medium to the bottle (final concentration: 50%), mix it well and divide the medium in 15-ml or 50-ml centrifuge tubes. Store the medium at −20 °C.  pause poInt Conditioned medium can be stored at −20 °C for at least 3 months without a decrease in activity. After thawing, store it at 4 °C and use it within 1 week (do not freeze again).
Isolation and culture of mouse gastrointestinal epithelial units • tIMInG 1.5-2 h 13| Euthanize the mice using a chemical reagent (e.g., barbiturates, non-explosive inhalant anesthetics) according to an approved animal protocol, and then dissect the tissues of your interest. For the small intestine and colon, flush the intestinal tube with PBS by using a 10-ml syringe with a 19-G blunt needle and open it longitudinally. For the stomach and cecum, open the tissue longitudinally and roughly remove the contents onto a paper towel.
14| Rinse the tissue with ice-cold PBS in a 90-mm Petri dish.
15| Wash the tissue with ~20 ml of ice-cold PBS in a 50-ml centrifuge tube by vigorous shaking.
16|
Rinse the tissue with ice-cold PBS in a 90-mm Petri dish.
17|
Dissect out fat and connective tissues carefully by using fine scissors and forceps under a dissection microscope. For the small intestine, immerse the tissues in washing medium to inactivate endogenous proteases and remove villi by carefully scraping the mucosa with fine forceps or a glass slide under a dissection microscope (supplementary Fig. 4) .  crItIcal step For gastrointestinal tissues, a region of tissue of 0.5-2 cm 2 is sufficient. Do not process too much tissue at once or the collagenase solution will become too viscous. When you are handling multiple tissues at once, keep the Petri dishes on ice in order to avoid cell death. Note that processing the small intestine is time-sensitive until it is immersed in washing medium.
18|
Place the tissue in a 35-mm Petri dish.
19|
Bring the dish to the biological hood.
20|
Mince the tissue with fine scissors.  crItIcal step Use sharp scissors and mince the tissue into <1-mm 2 fragments; this will allow the fragments to pass through 1,000-µl pipette tips.
21| Add 1 ml of collagenase solution by using a 1,000-µl pipette and suspend the tissue fragments in the solution.
22|
Incubate the Petri dish in the cell culture incubator and pipet the tissue mixture vigorously every 5-10 min by using a 1,000-µl pipette. After pipetting, check whether single epithelial units (crypts or pits) have separated from the larger tissue fragments by using a phase or dissection microscope (Fig. 1a) .  crItIcal step This step will take 30-60 min. Digest the tissue fragments until 50-80% of epithelial units have separated from the larger tissue fragments.
23| Set a 70-µm (or 40 µm for the small intestine) cell strainer in a 50-ml centrifuge tube. Filter the tissue mixture through the cell strainer by using a 1,000-µl pipette.
24| Wash the strainer with 9 ml of washing medium.
25|
Transfer the filtrated cell solution to a 15-ml centrifuge tube.
26|
Centrifuge the tube at 20g for 5 min at room temperature.  crItIcal step If there is little or no precipitant, increase the centrifugation speed to 50-150g. Low centrifugation speed promotes the collection of the heavier epithelial units over lighter single cells. A substantial number of epithelial units may stay in the supernatant, but the loss of some epithelial units in this step is acceptable because, in general, relatively few epithelial units are required to start the culture.
27|
Aspirate the supernatant, leaving ~100 µl left over, by using the vacuum aspirator.
28|
Aspirate the remaining supernatant completely by using a 200-µl pipette.  crItIcal step Aspirate the supernatant carefully because precipitants are fragile.
29| Add 500 µl-1 ml of washing medium and suspend the pellet.
30| Take a drop of suspension and check the density and viability of epithelial units (Fig. 1b) .
? trouBlesHootInG
31|
Transfer an appropriate volume of suspension to a 1.5-ml tube (1,000-3,000 intact epithelial units per well).
32|
Centrifuge the tube at 200g for 5 min at room temperature.
33| Aspirate the supernatant completely.  crItIcal step First, aspirate the supernatant with the vacuum aspirator, leaving ~100 µl left over, and then aspirate the remaining supernatant completely with a 200-µl pipette.
34|
Place the tube on ice. Suspend the epithelial units in Matrigel (15 µl per well).  crItIcal step Gently pipet until the cell aggregates are completely dispersed. Avoid generating air bubbles in the Matrigel. Do not warm the tube.
35|
Place the tube and a 24-well plate on ice. Place 15 µl of cell-Matrigel suspension in the center of each well by using a 20-µl pipette and spread it carefully with a pipette tip (Fig. 3) .
36|
Incubate the plates in the cell culture incubator to polymerize the Matrigel. Turn the plates upside down to avoid the attachment of epithelial units to the surface of the plate.
37|
Add 500 µl of 50% conditioned medium to the well. For the small intestine and cecum, add 500 µl of 50% conditioned medium containing 10 µM Y27632 and 10 µM SB431542. Change the medium at least every 2 d.  crItIcal step Developing primary spheroids may take 2-4 d. Observe daily and passage the spheroids when spherical spheroids begin to collapse. Generally, the mesenchymal cell population is diluted out after several passages. 39| Wash the well with 500 µl of PBS-EDTA and aspirate.
40| Add 200 µl of trypsin-EDTA to the well. Scratch and suspend Matrigel with a 1,000-µl pipette.
41|
Incubate the plates in the cell culture incubator for 2-5 min.  crItIcal step Too much trypsinization may result in poor cell survival. Optimal incubation time should be determined according to the origin of the spheroids. Generally, small intestinal spheroids are more sensitive to trypsinization than other spheroids.
42|
Add 600-800 µl of washing medium and dissociate the spheroids by vigorous pipetting.  crItIcal step Too much pipetting may result in poor cell survival. Leave the large aggregates (>100 cells) for routine passage.
43|
Transfer the spheroid suspension into a 15-ml centrifuge tube and add 5 ml of washing medium.
44|
45|
Aspirate the supernatant, leaving ~100 µl left over.
46| Add 500 µl-1 ml of washing medium and resuspend the cells.
47|
Transfer the appropriate volume of suspension to a 1.5-ml test tube.  crItIcal step Dilution should be determined on the basis of the cell density and growth rate (usually between 1:4 and 1:8 for gastrointestinal spheroids).
48|
49|
Aspirate the supernatant completely.  crItIcal step First, aspirate the supernatant with the vacuum aspirator, leaving ~100 µl left over, and then aspirate the remaining supernatant completely with a 200-µl pipette.
50|
Place the tube on ice. Suspend the spheroids in Matrigel (15 µl per well).  crItIcal step Gently pipet until the cell aggregates are completely dispersed. Avoid generating air bubbles in the Matrigel. Do not warm the tube. 
antIcIpateD results
The timing of processes is not crucial (except early steps for isolating small intestinal crypts), and thus epithelial units that are isolated using this protocol should be in good condition even without applying strict timing to processes (Fig. 1a,b) . Longer incubation (~1 h) with collagenase or delay of processing does not affect cell viability because of the protective effect of serum, which enables the processing of multiple tissues at one time. Properly isolated gastrointestinal units form hollow spheres a few hours after plating, and these go on to develop spherical monolayers (spheroids). Primary gastrointestinal spheroids generally grow quickly enough for passage in 3 d (Fig. 1c) . At early passages, some spheroids undergo budding. After additional passages, most spheroids will form a spherical shape (Fig. 2) . The small population of mesenchymal cells that are typically isolated with individual crypts should be completely eliminated during early serial passages without separation procedures 3 . High-density culture results in an increase in budded spheroids and accumulation of dead cells in spheres. Such spheroids lose their stem cell population and they are not suitable for passage. To date, we have maintained gastric and intestinal spheroids for over 3 months. The capacity of gastrointestinal spheroids for long-term cell division enables permanent genetic modification on tissue stem cells. 293FT cells in a 60-mm cell culture dish generate sufficient lentiviral solution for four infections of spheroids. Concentration of virus particles by PEG improves cell viability and transduction efficiency (supplementary Fig. 5 ). Titration of virus particles is not necessary to isolate the stably transduced population. In the initial spheroids formed after infection, mosaic GFP expression is observed (Fig. 4a,b and supplementary Fig. 5 ). After trypsinization, small cell aggregates composed of only GFP-positive cells are generated. At this stage, the infected population can be enriched by hand-selecting the 100% GFP-positive spheroids under a fluorescence microscope (Fig. 4c) .
